previously-reported SNPs (6 SNPs apart from rs7754840 and rs7756992 in CDKAL1 and rs10811661 in CDKN2A/2B), which were replicated in the stage 1+2 panel and were taken forward in stage 3, the same (stage 3) case-control panel was first characterized, of which the confirmed SNPs (5 of the 6 SNPs tested) were further genotyped in an additional panel of 7,680 population-based samples; these subjects plus 4,889 controls constitute the entire population-based panel (N = 12,569) in stage 3. Here, we took forward rs4712523 instead of rs7754840 and rs7756992 (CDKAL1), and rs2383208 instead of rs10811661 (CDKN2A/2B) in the stage-3 analysis to proceed with GWA scans from stage 1 to stage 3 by considering strong linkage disequilibrium (LD) between the SNPs in each of the corresponding loci. For the SNPs thus tested in the entire population-based panel, a total of 5,395 non-diabetic controls (≥50 years and no family history of diabetes in either of parents) were used for the stage-3 case-control analysis and meta-analysis. That is, 506 subjects were derived from the 7,680 population-based samples additionally characterized.
Since blood was drawn not strictly on the condition of overnight fast, HbA1c was measured in all participants to evaluate the impaired glucose metabolism (52) . In Japan, stable HbA1c was standardized in the mid 1990s by the Japan Diabetes Society (JDS) and has been used to estimate the number of people with probable and possible diabetes in the Japan National Diabetes Survey (JNDS) [the survey data in 2002 are available at http://www.health-net.or.jp/data/menu05/toukei/tonyo_h14.pdf (in Japanese)]. In this survey, probable diabetes was defined as HbA1c ≥ 6.1 or under treatment of diabetes, and possible diabetes was defined as 5.6 ≤ HbA1c < 6.1 among those without treatment of diabetes. These cut-off points for HbA1c were chosen with respect to equivalent diagnostic cut-off points for fasting plasma glucose and 2-h plasma glucose in an oral glucose (75g) tolerance test for undiagnosed diabetes in the linear regression analysis (53). Moreover, the screening test properties of HbA1c for undiagnosed diabetes was assessed in the general population data (N = 1,904) according to the 1999-WHO criteria, which further supported the JNDS cut-off points for HbA1c with respect to screening properties of undiagnosed diabetes in Japan (54).
For the assessment of combined risk of diabetes and pre-diabetes, all the general population samples (N = 12,569) were used. According to the ADA [http://www.diabetes.org/pre-diabetes.jsp], pre-diabetes can be defined as the condition that blood glucose levels are higher than normal but yet high not enough to be diagnosed as diabetes. Strictly, this definition of pre-diabetes is not identical to that of possible diabetes in the JNDS, but we arbitrarily used the cut-off point of 5.6≤ HbA1c < 6.1 among people without treatment of diabetes as 'pre-diabetes' and that for probable diabetes (i.e., HbA1c ≥ 6.1 or under treatment of diabetes) as 'diabetes' in our risk assessment in the general population.
Subjects with increased HbA1c levels include type 1 diabetes (T1D) as well as T2D. However, in the present study, overall, population-wide impacts of T1D seem to be negligible. Japan is known to have one of the lowest incidence rate of T1D in the world. According to population-based systems to detect childhood diabetes, the prevalence of T1D children has been estimated to be about 22.5 cases per 100,000 individuals. The prevalence of T1D in adults, on the other hand, appears more than twice that in childhood-onset patients (55), roughly indicating the T1D prevalence of ~0.05% in the general population. Thus, in Japan, T2D is common in diabetes mellitus in old age, and there are rarely elderly patients with T1D (56).
Stage-1 genome-wide scan and quality control 1) SNP genotyping
Genotyping was performed according to the manufacturer's protocol by labeling 750 ng of genomic DNA and hybridizing it to the Infinium HumanHap550 BeadArray (Illumina, San Diego, CA), which interrogated 555,352 SNPs. This set of SNP markers are reported to capture 87% of common SNPs with an LD coefficient of r 2 > 0.8 in the HapMap Japanese and Chinese population (according to the manufacturer's brochure).
Assay accuracy and reproducibility were measured using DNA from CEPH Utah samples (CEU) genotyped as part of the HapMap project (29). Genotype calling was performed using the BeadStudio software (Illumina), and genotype calls with the "GenTrain" Score < 0.53 were dropped from analysis. The "GenTrain" score measures the reliability of genotype calls based on the clustering of dye intensities [http://www.illumina.com/downloads/ GenCallTechSpotlight.pdf]. The average call rate was 96.9% in either of cases and controls.
2) Quality control of samples
Data cleaning and analysis were done using the PLINK software (28). Samples with genotype call rate less than 90% were excluded from analysis (N = 9). We looked for outlier samples with respect to the number of heterozygous SNPs, which could be caused by poor DNA quality. We found no such outliers in the stage-1 cohort after the removal of nine samples above. Multi-dimensional scaling analysis was applied to the pairwise IBS distance between the samples. Our study samples were clearly distinctive from the non-Asian samples (CEU and YRI) and clustered identically around the JPT samples, rather than around the CHB samples (see Supplementary Figure S8 ). Consequently, we adopted all of the 1,022 samples (519 cases and 503 controls) for further analysis.
3) Quality control of SNPs
Among 555,352 SNPs, we excluded SNPs for which [1] genotype call rate, <0.95; [2] genotype call rate, <0.99 and minor allele frequency (MAF), <0.05; [3] significant (P < 10 -6 ) deviation from the Hardy-Weinberg equilibrium in the controls; or [4] MAF, < 0.001. The remaining 482,625 SNPs were analyzed in the first stage scan of GWA study ( Supplementary Table S2 ). Representative signal intensity plots are shown in Supplementary Figure S9 for nine SNPs that emerged at the end of the three-stage scan.
Evaluation and correction of population stratification
In order to detect and correct population stratification, we used the EIGENSTRAT software (30, 57). The software applies principal components analysis to genotype data and calculates eigenvalues, which are expected to include large values if the population is stratified. To infer population structure, P-values are calculated for eigenvalues under the null hypothesis of no stratification using TW statistics. Multiple correlated SNPs, for example, those in LD, also cause a large eigenvalue, and hence SNPs having a multiple correlation coefficient > 0.5 were pruned, in addition to excluding SNPs showing moderate case/control association (P < 0.01). In total, 117,598 SNPs were selected for the principal component analysis, and five eigenvalues were found to be significant (P < 0.01) as in Supplementary Table S12 .
Each eigenvalue corresponds to an eigenvector that represents an axis of population stratification. Only the first eigenvector was correlated with the case/control status (a correlation coefficient of -0.186), as illustrated in Supplementary Figure S10.
Although cases and controls from the International Medical Center of Japan (379 cases and 503 controls genotyped) were distributed equally, the samples from Kyushu University were found slightly shifted to the left (140 cases alone). This could be due to genetic diversity among the subjects from different regions in Japan and/or some unnoticed differences in experimental setup between two genotyping facilities; samples typed in the International Medical Center of Japan were collected in Tokyo and Osaka, and their environs, and samples typed in Kyushu University were collected in the Kyushu region. Yet the regional genetic diversity appears to be small, because all samples in our study are clustered closely with the JPT samples among the HapMap populations (see Supplementary Figure S8 ).
Consequently, we corrected the Cochran-Armitage trend test statistic for each SNP according to the eigenvectors thus detected. The λ value of genomic-control (31) that could indicate the overall inflation of significance decreased from 1.047 to 1.032 by this EIGENSTRAT correction. The residual inflation was further removed by applying the genomic-control method. In order to boost the power of the GWA scan, the controls were augmented by additional genotype counts for 964 random controls (see below).
The cumulative distribution of P-values in the first-stage scan after these corrections is plotted in Supplementary Figure S7 .
The adjustment by EIGENSTRAT and genomic-control did not change the statistical significance of four SNPs that were identified by GWA study and confirmed in the subsequent stages: the raw and adjusted P-values were 2.3 × 10 -4 and 1.7 × 10 -4 for rs4712523 (CDKAL1), 2.0 × 10 -6 and 6.1 × 10 -6 for rs2383208 (CDKN2A/2B), 5.1 × 10 -4 and 1.9 × 10 -3 for rs2237892 (KCNQ1), and 1.5 × 10 -5 and 1.4 × 10 -5 for rs10425678 (PEPD).
Effect of genetic difference among geographical regions
The subjects in this study were collected at multiple institutions, and if a SNP tested for association has different frequency among regions in Japan, the test statistic can be skewed. To examine this possibility, we reorganized the samples according to regions and compared the allele frequency in controls for the confirmed SNPs in Table 1 . As shown in Supplementary Table S13 , all SNPs except rs2383208 had no significant regional difference, and the OR was similar whether stratified by regions and analyzed using Mantel-Haenszel methods, or simply pooled. Even when the OR by two methods is equal, the P-value for Mantel-Haenszel appears larger than the P-value for allele frequency test of the pooled count, because the number of cases and controls differs in each stratum. The SNP rs2383208 had significant regional difference in allele frequency (P = 0.002), and the OR decreased from 1.34 to 1.23 when adjusted using the Mantel-Haenszel methods, but still exhibited statistical significance of P = 1.8 × 10 -7 .
For the analysis, the subjects were stratified into three regions. The subjects in 'Tokyo and multi-district' are from Tokyo, Nagoya, together with the BioBank samples from nationwide, since the residents in the capital city Tokyo generally originate from all over Japan. The 'Osaka' and 'Fukuoka' subjects are from the respective cities and their environs. We used the rmeta package for the R software (http://www.r-project.org).
Genotype results for 964 random controls from the public database
In addition to the samples genotyped in our study, we incorporated genotype frequencies in the Japanese general population to boost the power of the GWA scan, yet final results of the study were confirmed with our own data. In the relevant dataset, which was made publicly available from the Genome Medical Database of Japan (GeMDBJ; http://gemdbj.nibio.go.jp), a total of 964 samples were genotyped by the Infinium HumanHap550 BeadArray. We applied quality control of SNPs as adopted in our study; we excluded SNPs for which [ 
Stage-2 genotyping and analysis
A total of 1,811 SNPs surpassed the stage-1 threshold, and after removing SNPs mutually in strong LD (r 2 > 0.9) to avoid redundancy, 1,674 SNPs were subjected to the follow-up analysis in stage 2; 140 SNPs were genotyped by using the iPLEX assay (Sequenom, Cambridge, MA) and 1,534 SNPs by the Illumina GoldenGate Genotyping Assay (Illumina) according to the manufacturer's protocol.
We characterized 1,110 cases and 1,014 controls (2,124 in total) and adopted all samples in stage-2 analysis. Quality control criteria for markers were the same as in stage 1. After the quality control, we adopted 1,456 SNPs for stage-2 analysis (73 from iPLEX and 1,383 from GoldenGate). Association testing was performed using the Cochran-Armitage trend test statistic.
Significance level and power of the GWA scan
We aimed to identify disease-associated SNPs with an OR of 1.3 or 1.2 with a power of 50% or 10%, respectively. To assess the statistical power that represents the ratio of [true positives / (true positives + false negatives)] in our GWA scan, we simulated how frequently a disease-associated SNP could surpass the cut-off level of the first two stages (stages 1 and 2). Here, we regarded the stage-3 scan as a subsequent replication study. We assumed risk allele frequency (RAF) in the range of 0.2-0.7, the disease prevalence of 0.10 and an additive mode of inheritance. Since the sample size in each stage was pre-defined, we adjusted the significance level as follows: a cut-off level of P < 0.0025 was set in the first-stage scan to achieve a power of 53% and 17% for ORs of 1.3 and 1.2, respectively. Also, a cut-off level of P < 7 × 10 -5 was set in the second-stage scan to achieve a power of 49% and 11% for ORs of 1.3 and 1.2, respectively (see Supplementary Table S11 ).
Replication of previously-reported SNPs
In parallel with the GWA study, T2D association was tested in the stage 1 and 2 panels for 17 SNPs from 16 T2D candidate loci previously identified by GWA studies in European-descent populations (6-17). For stage-1 samples, 11 SNPs were included in the HumanHap550 array, and six SNPs were separately assayed by the TaqMan method.
For stage-2 samples, ten SNPs were genotyped by the iPLEX assay additionally to 73 SNPs that were selected for the follow-up of GWA study, and seven SNPs were assayed by the TaqMan method. Eight SNPs showing significant (P < 0.05) association in the stage 1+2 samples were further studied in an additional panel of 4,000 T2D cases and 4,889 controls in stage 3. Apart from rs7578597 that did not show statistical significance at this point (P > 0.05 for all stages combined), the remaining seven SNPs were further studied in the entire 12,569 population-based sample including the 4,889 pre-selected controls.
Haplotype analysis in the associated loci detected by GWA study
In each loci identified by GWA study and/or replicated after the studies previously reported, we looked if more than one independent SNPs are associated with T2D. After adjusting for genotype effects of the SNP showing the lowest P-value in a locus, no other SNPs turned out to be significant (P > 0.01). When there were multiple significant SNPs mutually not in strong LD (coefficient r 2 < 0.8), we tested whether a haplotype class involving them could exert more significant effects than the individual SNPs. Here, haplotypes were inferred from genotype data in the NIBIO stage 1+2 combined panel (jointly for the 1,629 cases and 1,517 controls) and tested using the PLINK software.
In two associated loci, chromosome 6p22.3 (CDKAL1) and 19p13 (PEPD), a haplotype class showed more significant association than an individual SNP as below.
In the CDKAL1 locus, T2D association is found for two groups of SNPs: one group comprises rs4712523, rs7754840, rs10946398, rs9295475, and rs6906327 that are in strong LD to each other, and another group is rs7756992. The LD estimated between rs7754840 and rs7756992 is r 2 = 0.66 in Japanese, and 0.68 in European-derived populations. A risk haplotype class 'GG' showed more significant P-value (P = 5.6 × 10 -11 ) than the individual SNPs constituting the haplotype ( Supplementary Table S14A ).
In the PEPD locus, four SNPs are grouped into two pairs of SNPs that are in complete LD (rs7250175 and rs3786920, r 2 = 0.99; rs10425678 and rs11880064, r 2 = 0.99; rs7250175 and rs10425678, r 2 = 0.46). A protective haplotype class 'CT' showed slightly more significant P-value (P = 7.1 × 10 -5 ) than the individual SNPs constituting the haplotype ( Supplementary Table S14B ).
Assessment of combined risk of diabetes and pre-diabetes in the general population
We assessed the combined risk of diabetes by genetic and non-genetic (sex, age, and BMI) factors in a cohort of 12,569 individuals from general population.
We first assessed the effect size of each risk factor by multiple regression analysis with the logarithm of HbA1c (log HbA1c) as a response variable. Explanatory (predictor) variables were sex, age, BMI, and seven robustly-confirmed SNPs: rs4402960 (IGF2BP2), rs4712523 (CDKAL1), rs13266634 (SLC30A8), rs2383208 (CDKN2A/2B), rs1111875 (HHEX), rs7903146 (TCF7L2), and rs5219 (KCNJ11). SNP genotype was coded as 0, 1, or 2 according to the number of risk allele. A total of 12,372 samples with complete data were available for the analysis. The fitted multivariate regression is shown in Supplementary Table S9 . R 2 denotes the variance of log HbA1c explained by each predictor variable, and it totals 5.3% for all variables included simultaneously in the regression.
Next, we examined how well the 'actual diabetic state' in each individual could be estimated by the risk factors of interest. Accumulated risk for each individual was assessed using the above-mentioned regression for HbA1c. We arranged the individuals in order of the risk estimated by multiple regression, sorted the whole population into 20 equal-sized groups (i.e., 5% each), and then examined the distribution of actual HbA1c value and disease status in each group. The diabetic state was assigned by questionnaire information and HbA1c values: individuals who answered in questionnaire to be diabetic or those with HbA1c ≥ 6.1 were classified as 'diabetes (DM)', and others with HbA1c 5.6-6.0 as 'pre-diabetes (pre-DM)' (see above). In Supplementary Figure S6 , each group is represented as a vertical bar with the estimated risk increasing from the leftmost to the rightmost bar. Results for the lowest and the highest risk groups are also described in Table 2. In the above analysis, we used the same set of samples both for the fitting of risk model by regression and for the assessment of actual diabetes prevalence using the resultant model. This may potentially cause overfitting of the model, although the possibility is small owing to the large sample size of 12,372. In order to avoid the overfitting, we also analyzed by randomly selecting half of the population for model fitting and the remaining half for model assessment. From 1,000 random trials, we computed the mean and 95% confidence interval for the prevalence of DM and pre-DM in each risk group. The figures for the highest and the lowest estimated risk groups in Supplementary Table S15 agree well with those in Table 2 , suggesting the absence of overfitting.
The strength of association of a SNP and study power
We measured the explained variance of a SNP by the coefficient of determination (R 2 ) that represents the ability to detect association signals using the Cochran-Armitage trend test. We calculated R 2 for testing association by a linear regression (equivalent to Cochran-Armitage trend test) with an independent variable x coding a genotype as 0, 1 or 2 according to the allele copy number, and a dependent variable y coding disease status as 1 (case) or 0 (control). The R 2 value equals the square of the correlation coefficient for the points (x, y). When testing a total of N samples under significance level α for a SNP with R 2 , the power equals
where F'(1, N-2, θ 2 ) is the probability density function for a F-distribution of df (degree of freedom) = 1 and N-2 and non-centrality parameter θ 2 , and
where F(1, N-2) is the probability density function for a F-distribution of df = 1 and N-2 [Reference 58, Section 28.28] [Reference 59, Example 8.4]. When R 2 = 0.008, 0.004, and 0.002, the necessary sample size to achieve 80% power is N = 4,300, 8,600, and 17,200 for α = 5×10 -7 , and N = 1,000, 2,000, and 3,900 for α = 0.05. The power for other combinations of N and α are listed in Supplementary Table S7 . For the estimation of R 2 of a SNP from RAF and odds ratio (OR), we assumed additive mode-of-inheritance, 10% disease prevalence, and equal-sized cases and controls for a study.
Figure S1
Graphical summary of stage 1 association results. Horizontal axis is the physical position of each SNP on a chromosome, and the vertical axis is the minus logarithm to base 10 of P -value for the Cochran-Armitage trend test adjusted by EIGENSTRAT and genomic-control. The red SNPs examined in stage 2 had P <0.0025 either in trend test or its combination with linkage analysis. The red SNPs distributed lower in the plots showed modest association in trend test but were noticeable in linkage scan. 
Figure S2
Meta-analysis of type 2 diabetes association in Japanese and European-derived populations. We performed meta-analysis with the previous studies by three groups in Japanese. The estimate and 95% confidence interval of odds ratio is illustrated in the forest plots. See Supplementary Information for detail. Genotype counts for each SNP is shown in Supplementary Table S4 .
(continues to next page) I G F 2 B P 2
For each type 2 diabetes susceptibility locus, we compared the strength of linkage disequilibrium (LD) between HapMap CEU and JPT+CHB populations. LD is measured between the most significant index SNP in each locus and other SNPs within 200kb and with minor allele frequency at least 1%. Each nonindex SNP is plotted by LD coefficient r 2 in 60 unrelated CEU (horizontal axis) and JPT+CHB (vertical axis). LD in C D K A L 1 and K C N J 1 1 is stronger in JPT+CHB, whereas LD in I G F B P 2 and H H E X tends to be stronger in CEU. Also refer to Supplementary Figure S3 .
Figure S5
ROC curve for the prediction of type 2 diabetes risk with the use of seven susceptibility variants robustly associated in both our Japanese panel and Europeans. We used the same data as Assessment of risk for diabetes and pre-diabetes in the general population. Based on the regression of HbA1c value by SNP genotype, age and sex, the risk for high HbA1c was assessed for each individual using a predictor set of either 1) SNPs, 2) age and BMI, or 3) all. We sorted all individuals by their risk, divided the whole population into 20 equal-sized groups (i.e., 5% each) from low to high risk, and in each group, examined the distribution of actual 
Figure S7
The cumulative distribution of P-values in the first stage scan after corrections by the EIGENSTRAT and genomic-control methods. Seven robustly-confirmed SNPs in Table 1 are marked in red and labeled. SNPs above the blue horizontal line were genotyped in stage 2 analysis. 
Figure S9
Representative signal intensity plots for nine SNPs that emerged at the end of the three stage scan. In each case of 8 SNPs genotyped with Illumina technology and 1 SNP (rs5219) additionally genotyped with TaqMan technology in the stage 1+2 cohort, the positions of data clouds (for three genotype classes) are demonstrated in the same plots, so as to visualize the ease of allelic discrimination.
Figure S10
Plot of the first two eigenvectors from the EIGENSTRAT analysis of stage 1 genotyping. Supplementary Table S1 . Characteristics of stage1, stage 2 and stage 3 case and control samples 4E-02 SNPs clustered in chromosomal position are consecutively highlighted by yellow or pink. a SNPs genotyped in stage 3 are indicated by bold font. Among the SNPs chosen to replicate association signals previously reported, three SNPs in italic, rs7754840 and rs7756992 (CDKAL1 region) and rs10811661 (CDKN2A/B region), also surpassed the GWA scan threshold, and are listed in the table for reference. In the 7p region, rs2329487 was genotyped in substitution for rs2244480, because these two SNPs were in LD (r2=0.64) to each other and modest T2D association (p=0.033) was shown for rs2329487 in DIAGRAM data. b Odds ratio of case incidence for minor allele. c One-tailed test for association was performed in the direction consistent with stage 1 data. The predictor variable for a SNP genotype is coded by the copy number of minor allele. The predictor variable of 'BMI' takes a raw BMI value, and 'BMIge25' is a categorical variable indicating if BMI is greater or equal to 25. We tested three models of regression with the predictor(s) as SNP alone, SNP with BMI, and SNP with BMIge25. The models are separated by horizontal lines in the table. Results are shown for an individual stage or their combinations, separately by columns. The raw BMI value was not available for the samples in Stage 3; therefore, the corresponding results are omitted. The P-value for a given SNP tends to decrease by the adjustment for BMI (or BMIge25) in the logistic regression. This may indicate that the estimate of OR for the relevant SNP would become more accurate after subtracting the variance explained by these confounding factors (BMI or BMIge25). No significant interaction was detected between SNP genotype and BMI (P >0.01). We did not adjust for sex and age, because these were not matched between cases and controls; it has to be noted that age ≥55 years (in stage 1 and 2 cohort) and age ≥50 years are set to be the enrollment criteria for controls ( Supplementary Table S1 ). Even when relatively generous criteria were adopted for control selection, i.e., simply excluding diabetics from the entire population (in the middle columns), the ORs were almost comparable to those calculated by meta-analysis in Japanese (in the right columns) (see Supplementary Figure S2 and Supplementary Table S4 ). Increased and decreased ORs (differences ≥0.5) were colored in red and blue, respectively.
Supplementary Table S10. Effects of control selection criteria and study basis (meta-analysis and origin) on the odds ratio in casecontrol comparison
OR (95% CI)
When compared to the ORs reported by Ng et al. (N=6,719, reference 23), no significant differences were detected between the two studies by Woolf's method (P >0.05), while the ORs tended to be smaller for SLC30A8 and TCF7L2 in the study by Ng et al., where rs7754840 for CDKAL1 and rs10811661 for CDKN2A/B were used.
Non-diabetics controls (N=4,889) Control subjects excl. diabetics (N=11,829)
Combined controls (N=8,840-10,672) Combined controls (N=3,678)
From the population-based subjects in stage 3 (N=12,569), the controls were chosen as either (1) non-diabetics with HbA1c ≤5.0 or (2) the remaining subjects after excluding diabetics. These controls were compared with diabetic cases (N=740) who were under medication or HbA1c ≥7.0. Here, the diabetic cases in this general population were not included in the meta-analysis in Japanese. Supplementary Table S11A . Power of the first stage in the present GWA study. Supplementary Table S11B . Power of the second stage in the present GWA study.
Samples comprised of 1,629 cases, and 2,481 (= 1,517+964) controls; a cut-off level was set at P <7× 10 -5 .
OR RAF
Samples comprised of 519 cases, and 1,467 (= 503+964) controls; a cut-off level was set at P <0.0025. Supplementary Table S12 . Eigenvalues from the EIGENSTRAT analysis in the stage 1 genotyping. Supplementary Table S15 . Combined risk of diabetes and pre-diabetic status corrected for overfitting.
RAF OR

